Abstract: Some improvements of Kodama's method for perfusing the isolated rabbit heart in its working mode were made. Increases in the right and left atrium pressure, together with an increase in the pulmonary artery pressure, were observed to occur immediately after the start of venous return, and then all of the increased pressures were found to remain at each constant level. In these stable states, the administration of dopamine (DA) into the perfusate was found to produce dose-related increases in contractile activities. In the preparations denervated with reserpine or 6-hydroxydopamine, in which tyramine (Ty) produced no response, the inotropic effectiveness of DA did not differ from that in the normal ones. On the other hand, responses to noradrenaline (NA) were found to increase significantly after the denervation. DA produced a dose-related increase in heart rates in the normal preparation, and this effect was greatly suppressed in the denervated preparations, suggesting that the primary chronotropic effect of DA is an indirect one via the release of NA from the sympathetic nerve terminals. Arrhythmogenic effects of NA, Ty or DA were also observed in these preparations. At all the doses tested, the incidence rates by NA were as high as 50% or more, the type of arrhythmia being recognized as atrial or ventricular extrasystole from the ECG analysis. On the other hand, the rates by DA were relatively low, less than 34%. From a comparison of the incidence rates between the normal and denervated preparations, this effect of DA was considered to be primarily an indirect one.
In regard to the methods for perfusing isolated mammalian heart preparations, Langendorff's is well known and has been used for more than 100 years for cardiovascular research in physiological, biochemical and/or pharmacological aspects [1, 2] . In a heart perfused with this method, the retrograde perfusion via the cannulated aorta is designed to produce a constant flow or constant pressure in the aorta with no outflow or only mere outflow from the right or left ventricle, and there is no venous return except for a quite small amount of perfusate drainage via the coronary sinus to the right or left atrium. In this respect, Langendorff's preparation is not working.
Kodama in 1961 attempted to convert the isolated rabbit heart preparation into a working mode by constructing an artificial venous and arterial circulation system using silicon and glass tubes and perfusing the heart via the vena cava and pulmonary vein to keep sufficient venous return to the ventricles [3] [4] [5] [6] . In a heart thus perfused with a venous and arterial circulation system that is similar to that in vivo, the simultaneous recordings of perfusate pressures at the various parts of veins and arteries were possible, and it was recognized that the pressure of either the right or left ventricle exceeds that of the pulmonary or aortic artery, indicating a pumping function of the heart. The supplementary circulatory system, however, which was used to adjust the circulation of perfusate, was so complicated that direct and precise assessments of the cardiac activities were frequently difficult.
In the present study, an attempt was made to simplify the circulation system used in Kodama's method and to set the new parameters for recording and analyzing the activities of a working heart. The effects of dopamine (DA) on the heart were then examined with respect to the inotropic, chronotropic, and arrhythmogenic actions.
The inotropic effects of DA were examined, in comparison with those of NA, by simultaneous observations of the changes in pressures at the various parts of the blood vessels and heart. To clarify whether these inotropic effects of DA as well as the chronotropic ones are direct actions on the cardiac muscles or indirect ones by releasing noradrenaline (NA) from the sympathetic nerve terminals in the cardiac muscles, the sympathetically denervated preparations by the treatments with reserpine [7] [8] [9] [10] [11] [12] or 6-hydroxydopamine (6-OHDA) [13] [14] [15] were used, as reported previously. To the author's knowledge, it remains unknown whether the arrhythmogenic effects of DA could be produced by the direct or indirect actions. To clarify it, the denervated preparations were also used.
In some numbers of the isolated heart preparations used in the present study, a cardiac insufficiency of the pumping function was recognized. In these preparations, the inotropic effects of NA and DA were also examined, and the effectiveness of each drug was compared with that in the normally working preparations.
METHODS
The rabbits were maintained in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Science of the Physiological Society of Japan.
A total of 67 male Japanese white rabbits weighing 2.2 to 2.5 kg were used. They were anesthetized by intravenous injections of thiopental sodium at doses of 20 to 40 mg/kg body weight, and the thorax was opened under mechanical ventilation with oxygen-enriched room air via a tracheotomy tube. To exchange the blood with a perfusate, a cold (20 ± 3°C) oxygenated Krebs-Henseleit solution of 200 to 300 ml was injected via a glass tube inserted into the left jugular vein, while bloodletting from the peripheral side of the vein, and then both the left and the right jugular arteries were cut for rapid bloodletting. The heart was cooled by steeping it in a cold physiological saline solution maintained at a temperature of less than 4°C, and as soon as possible a glass tube was inserted into the aortic artery through which the same Krebs-Henseleit solution as mentioned above was perfused in a way of Langendorff's method, i.e., a retrograde constant flow in the artery was produced by adding perfusion pressure of 60 to 70 cmH 2 O. Under this condition, each of six glass tubes was inserted into each of the following blood vessels; vena cava cranialis for perfusion of the right atrium and ventricle, vena cava inferior for measurement of the right atrial pressure, left pulmonary vein for perfusion of the left atrium and ventricle, right pulmonary vein for measurement of the left atrial pressure, pulmonary artery for measurement of the arterial pressure, and aortic artery for measurement of the arterial pressure. The heart was then isolated from the body and immediately mounted in the perfusion apparatus, as illustrated in Fig. 1 . This proce- dure of heart isolation from the body required times of at least 30 min after the start of bloodletting.
Immediately after the completion of all the connections between the blood vessels of isolated heart and the artificial vessels consisting of glass and silicon tubes in the perfusion apparatus, the roller pump was switched on to start the perfusion. The perfusate was sucked up by the pump from the reservoir and led to the aortic artery at smoothed pressure through an air cushion (approximately 250 ml in volume), which had had a rather small capacitance using a rubber cushion in Kodama's original method [4] . At constant pressures of 100 to 160 mmHg, the perfusate flow into the aortic origin of the heart was led through an aortic inflow tube, made of a hard thin (1.5 mm in diameter) vinyl tube, inserted as near as possible into the origin of the aorta. The pressure of the aorta was kept at 50 to 80 mmHg. The venous returns were kept constant by keeping the height of the perfusate reservoir at a level 60 mm higher than that of the atrium of the isolated heart preparation. In the present study, the perfusate reservoir was changed to be a single reservoir, which had been separated into two reservoirs, a perfusate and a venous one, in Kodama's method where the drugs administered into the perfusate reservoir took a long time to diffuse to the venous reservoir [4] . All the side ways of arterial and venous passages with an artificial valve system, which had been set in parallel to the main passages to adjust the perfusate flow in Kodama's method [4] , were deleted in the present study because the perfusate flow could be controlled well enough without them.
To monitor the activities of isolated heart, the pressure at the right atrium (RAP) through the inferior vena cava and the pressure at the left atrium (LAP) through the right pulmonary vein were continuously recorded on a smoked paper by means of an H 2 O manometer. The pressure at the pulmonary artery (PAP) was recorded by means of Hg manometer, and the volumes of output flow from the right ventricle were monitored by means of an electromagnetic flowmeter (Nihon Kohden MF-5, Tokyo).
Changes in PAP were also recorded on the paper of a pen-writing polygraph (Nihon Kohden RM-150, Tokyo) by means of a pressure-transducer (Nihon Kohden MP-4T, Tokyo) from the side tube, and the pressure at the left ventricle (LVP) from an injection needle inserted into the ventricle. The speed of changes in LVP was recorded by computing the first derivative of LVP (dLVP/dt), using an R-C differentiating circuit [16] [17] [18] . The myocardial contraction forces (MCF) were recorded by a strain-gauge arch attached at the front side of the left ventricle [19, 20] . These recordings had not been made in Kodama's method [4] . Changes in pressure at the aortic artery (AP) were also recorded by a pressure-transducer from the outside passage of a glass tube inserted into the aorta after the stopcock of the perfusion circuit was temporarily turned.
Heart rates (HR) were counted from the records of heart beats on the papers or those on the ECG. The occurrence of arrhythmias (extrasystoles) was examined by checking the appearance of an abnormally small contractile force wave followed by an abnormally large one in the records of cardiac contractile forces and arterial pressures, as described previously [21, 22] . In some cases, the occurrence of arrhythmias was also examined by checking the appearance of abnormal waves on the records of the ECG, which were made between the two electrodes; a thin platinum wire with a curve at the tip placed on the right atrium, and an injection needle inserted into the left ventricle which was used for measurement of the pressure also. The type of extrasystoles was determined from the analysis of ECG [23, 24] . The Krebs-Henseleit solution used for perfusion had the following composition (mM): NaCl, 118; KCl, 4.7; CaCl 2 , 2.5; MgSO 4 ·7H 2 O, 1.2; KH 2 PO 4 , 1.2; NaHCO 3 , 25; glucose, 10. The solution was equilibrated with a gas mixture of 95% O 2 and 5% CO 2 , and maintained at pH 7.4. The temperature of the solution flowing in the aortic artery was also maintained at constant degrees of 33°C to 35°C by steeping the heart container, perfusion reservoir, and air cushion in a constant temperature bath.
A chemical denervation of the sympathetic nerve terminals was made by a pretreatment of the animals with reserpine [7] [8] [9] [10] [11] [12] or 6-OHDA [13] [14] [15] , the former being dissolved in 20% ascorbic acid solution and given intraperitoneally at doses of 2 to 8 mg/kg body weight 24 h before isolation of the heart, and the latter by an intravenous injection at the ear vein at doses of 50 to 100 mg/kg body weight 24 h before isolation or by repeated injections, once a day for 2 days, at a dose of 50 mg/kg body weight. In each isolated heart it was determined that the pretreatments produced complete chemical denervations of the sympathetic nerve terminals, when there was no change in the HR and contraction forces in response to tyramine (Ty) applied to the perfusate.
The total volume of perfusate in the perfusion apparatus was 300 ml consisting of perfusate in the reservoir (250 ml) and the circulating one (50 ml) in the artificial blood vessels and isolated heart. All the drugs tested were applied to the fluid of the perfusate reservoir, and all the doses applied were expressed in the text as absolute doses per 300 ml. The dose ranges of the drugs tested were as follows: NA, 2 to 30 µg (0.007 to 0.1 µg/ml when diffused completely in the total volume of perfusate); DA, 100 to 1000 µg (0.3 to 3.3 µg/ml); Ty, 100 to 500 µg (0.3 to 1.7 µg/ml). The application times of each drug were as long as Tables 1 and 2 , and each drug applied was washed several times using drug-free perfusate for repeated observations of the drug effects.
The following drugs were used: noradrenaline (NA) (Sankyo Co. Ltd., Tokyo), tyramine (Ty) (Nakarai Co.
Ltd., Tokyo), dopamine (DA) (Kyowa Hakkou Co. Ltd., Tokyo), reserpine (Nakarai Co. Ltd., Tokyo), 6-hydroxydopamine (6-OHDA) (Sigma Co. Ltd., Tokyo, or Kyowa Hakko Co. Ltd., Tokyo), and thiopental sodium (Tanabe Co. Ltd., Osaka).
Statistical analysis. All data are expressed as mean ± SEM. The statistical significance was determined by the application of a paired t-test for a comparison of the mean values obtained before and after the application of drugs, and by an application of multiple analyses of variance for a comparison of drug effects between the normal, reserpine-treated, and 6-OHDA-treated preparations. For a comparison of incidence rates of arrhythmia between each group, a chi-square test was used. A p value <0.05 was considered statistically significant. Figure 2A shows a representative recording of abrupt increases of LAP, RAP, and PAP after the start of venous return to the left and right atrium, while AP was artificially kept constant by a roller pump. In association with these changes in LAP, RAP, and PAP, increases in LVP, dLVP/dt, and output flow from the right ventricle were also observed occurring. Soon, within 1 min, after reaching each peak value LAP and RAP decreased to some extent and then stayed at a constant level of approximately 40 mmH 2 O. PAP stayed at a level of approximately 20 mmHg. In these stable states, the effects of the drugs were examined in the heart preparations isolated from the normal rabbits and the pretreated ones with 6-OHDA or reserpine. In the normal preparations, each application of NA (2 to 30 µg), DA (100 to 1000 µg), or Ty (100 to 500 µg) produced decreases in LAP and RAP in association with an increase in PAP. Figure 2B shows an example of the recording of such changes produced by an application of NA (5 µg), appearing within 10 s and reaching the maximal level within 1 min. Figure 2C shows an example of similar changes to those by NA in LAP, RAP, and PAP produced in the normal preparation by the application of DA (200 µg).
RESULTS

Effects of NA and DA on LAP, RAP, and PAP
When the drugs were washed out, the decreased or increased pressures produced by NA or DA were recovered to the control levels before applications (W in Fig. 2B and  C) . Figure 3A shows that in a normal preparation, an application of Ty (100 µg) produced changes in LAP, RAP, and PAP similar to those observed following the application of NA or DA, though to a smaller extent with a relatively slow time course. Figure 3B , C, and D, shows the effects of Ty, DA, and NA tested in a preparation pretreated with 6-OHDA, respectively. In the denervated preparation, an application of Ty, even at a relatively high dose of 500 µg, produced no changes in LAP, RAP, or PAP (Fig. 3B) . On the other hand, DA (200 µg) and NA (5 µg) produced, as shown in Fig. 3C and D, respectively, similar changes in the pressures to those observed in the normal preparations.
In the reserpine-treated preparations, changes in LAP, RAP, and PAP similar to those observed in the 6-OHDAtreated ones were observed to occur following the application of DA or NA, and no change following that of Ty.
Effects of NA and DA on PAP, MCF, LVP, dLVP/dt, and HR Figure 4A shows that in a normal preparation, an application of NA (5 µg) produced increases of all the parameters such as PAP, MCF, LVP, and dLVP/dt within 10 s, reaching the peak levels within 1 min after application. When NA (5 µg) was applied, heart rates (HR) were also observed to increase.
In normal preparations, an application of Ty also produced increases in PAP, MCF, LVP, and dLVP/dt at all the doses tested (100 to 500 µg), and a significant increase in HR was observed only at a high dose of 500 µg, by 40 ± 3/ min (from 142 ± 5/min to 182 ± 5/min, n = 8). In the reserpine-or 6-OHDA-treated preparations, an application of Ty produced no change in these parameters. Figure 4B shows that in a reserpine-treated preparation, NA (5 µg) produced increases in all the parameters to a greater extent than those observed in the normal preparation. On the other hand, HR increased only slightly in the reserpine-treated preparation, but in the 6-OHDAtreated preparations, HR increased to a significantly greater extent than those observed in the normal or reserpinetreated ones after an application of NA (5 µg). Figure 4C shows that in the normal preparation an application of DA (200 µg) produced increases of all the parameters such as PAP, MCF, LVP, and dLVP/dt, reaching the peak levels within 1 to 2 min after application. On the other hand, DA at this dose produced only a slight increase in HR, which was not statistically significant. Statistically significant increases in HR were observed at doses of more than 300 µg. Figure 4D shows that in a reserpine-treated preparation, DA (200 µg) produced increases in all the parameters similar to a case of normal preparation, reaching peak levels within 1 to 2 min after application. The degrees of increases in all parameters except PAP observed in the reserpine-treated preparation did not significantly differ from those observed in the normal one. In the reserpinetreated preparation, HR did not change in any of the following applications of DA (200 µg). Figure 5A shows dose-response curves obtained for the inotropic effects of NA (2 to 30 µg) on the normal, reserpine-treated, and 6-OHDA-treated preparations. In the effects of NA on the normal preparation, dose-related increases were observed in all the parameters, such as PAP, MCF, LVP, and dLVP/dt. The curves obtained from the examinations using denervated preparations treated with either reserpine or 6-OHDA showed a shift toward the left, indicating an increased sensitivity of the cardiac muscles of denervated heart to NA.
Figure 5B shows dose-response curves obtained for the inotropic effects of DA (100 to 1000 µg) on the normal, reserpine-treated, and 6-OHDA-treated preparations. In the effects of DA on the normal preparation, dose-related increases were observed in almost all of the parameters. And almost all of the dose-response curves observed in the denervated preparations were similar to those in the normal preparations. Figure 6A shows dose-response curves obtained for the chronotropic effects of NA (2 to 30 µg) on the normal, reserpine-treated, and 6-OHDA-treated preparations. The increasing effects of NA on the HR of the normal preparation were found to be dose-related. In regard to the denervated preparations, the dose-response curves obtained from the examination with reserpine-treated ones were similar to those found in the normal preparations, whereas the curves obtained from the examination with 6-OHDAtreated ones showed a shift toward the left. Figure 6B shows dose-response curves obtained for the chronotropic effects of DA (100 to 1000 µg) on the normal, reserpine-treated, and 6-OHDA-treated preparations. The increasing effects of DA on HR of the normal preparation were found to be dose-related at a dose range of 200 to 1000 µg. On the other hand, in the examinations using denervated preparations treated with either reserpine or 6-OHDA, the responses in HR to DA were found to be greatly depressed.
Arrhythmogenic effects of NA, Ty, and DA and the effects of NA, Ty, and DA on spontaneously occurring arrhythmia Throughout the present experiments, it was noticed that in some numbers of the preparations arrhythmia occurs spontaneously before an application of the drugs, or it could be induced by the application. Following are the results of examinations on arrhythmia in the preparations by separating them into two groups, i.e., a drug-induced group in which no arrhythmia was observed during at least 5 min before application of the drugs, and a spontaneous one in which arrhythmia occurred within 5 min before application. Figure 7A shows an example of NA-induced arrhythmia that occurred first at 2 min after an application of NA at a dose of 5 µg and frequently during 3 to 4 min after application. The occurrence of arrhythmia could be recognized clearly in the rapid part of the records as an unusually smaller premature contraction, which was followed by an unusually greater one, indicating an enhanced contraction of the heart. An analysis of the ECGs, which were recorded simultaneously with changes in the pressures, found that both types of extrasystole could be induced by NA, an atrial one (Fig. 7B ) and a ventricular one (Fig. 7C) . A similar inducement of arrhythmia was also observed to occur after applications of Ty or DA. ; open triangles, 6-OHDA-treated (n = 7). * , statistically significant differences between the normal and reserpine-treated preparations; ※ , between the normal and 6-OHDA-treated ones; †, between the reserpine-and 6-OHDA-treated ones. Table 1 summarizes the results of examinations of the incidence rates of arrhythmia in the isolated rabbit hearts after an application of NA, Ty, and DA. The incidence rates because of NA (2 to 30 µg) applications were high, usually more than 50%, and did not differ significantly between the normal preparations and the denervated ones treated with reserpine or 6-OHDA.
F o r P
An application of Ty (200 to 500 µg) also induced arrhythmia at high rates of approximately 50%, similar to those of NA, in the normal preparation, whereas there was only one incident of the inducement in the total numbers of 20 experiments using the reserpine-treated preparations and none in the total numbers of 12 experiments using 6-OHDA-treated ones.
An application of DA (100 to 1000 µg) in the normal preparation was found to induce arrhythmia at rates of less than 34%, which are lower in comparison with the NA or Ty application. At doses of more than 300 µg, an application of DA induced no case of arrhythmia in the reserpinetreated preparations or in the 6-OHDA-treated ones, statistically significant differences in the incidence rates being found between the normal and reserpine-treated or between the normal and 6-OHDA-treated preparations when tested at doses of 500 and 1000 µg. Table 2 summarizes the results of examinations of the frequency of spontaneously occurring arrhythmias in the isolated rabbit hearts before an application of NA, Ty, and DA, and the changes in the frequency after the application. An application of either NA or Ty showed a tendency to increase the frequency at each dose of the drugs tested, but there was no statistical significance between the values before and after application, this probably being because of the small numbers of tests and relatively large SEM. On other hand, an application of DA showed a tendency to decrease the frequency at each dose of the drug tested, and there was a statistical significance between the values before and after application, though only in one case tested at a dose of 200 µg.
Effects of NA and DA on the preparations with cardiac insufficiency
After repeated applications of the drugs, some numbers of isolated rabbit heart preparations showed a cardiac insufficiency in regard to the pumping function. This could be seen, for example, in the records of LVP and AP in Fig.  8A , where the magnitude of the former became smaller than that of the latter after a washout of Ty (300 µg). In preparations of this kind, the application of NA (30 µg) ( Fig. 8B ) produced great increases in LVP and dLVP/dt, and the magnitude of the former began to exceed that of AP, indicating a recovery of cardiac pumping function. The increasing rates of LVP and dLVP/dt resulting from the NA application were significantly larger in this kind of preparations (138 ± 19% and 120 ± 19% of control in LVP and dLVP/dt, respectively, n = 4) than in the normal ones (79 ± 13% and 79 ± 6%, n = 8).
An application of DA (1000 µg) (Fig. 8C ) also produced great increases in LVP and dLVP/dt in preparations of this kind, and the magnitude of the former became to be almost the same as that of AP. The increasing rates of LVP and dLVP/dt because of DA application were significantly larger in this kind of preparation (103 ± 18% and 109 ± 10% of control in LVP and dLVP/dt, respectively, n = 3) than in the normal ones (40 ± 3% and 55 ± 3%, n = 8). The increases in LVP and dLVP/dt by DA showed a slower time course and a tendency to last longer than those by NA.
It was also observed in this kind of preparation that arrhythmia was produced by an application of Ty or NA, but not by DA (Fig. 8) .
DISCUSSION
Isolated working heart preparation
In the present study, the isolation of the heart from the body required times of at least 30 min after the start of bloodletting. Despite this relatively long time for isolation, the isolated heart preparations that were perfused via the right and left atria, as in the body, showed a stable working activity of the right and left ventricles, usually for more than 4 h, during which repeated applications of drugs could be made to see their effects on the myocardial activities. The usefulness of the working heart preparations has also been reported for the measurements of O 2 consumption [6, 25] .
The changes in pumping function of both the left and right ventricles in response to drug applications could be examined through the recording of various parameters, which manifested clearly the changes without contamination of artificial noises. Among the parameters used in the present study, LAP and RAP were recognized to be the most sensitive to drug applications and to changes in perfusion condition. Further, LVP and max dLVP/dt, recordings of those had not been made in Kodama's original method [4] , also showed sensitive and constant reactions, as reported previously [16] [17] [18] . On the other hand, MCF recorded by a strain gauge arch was unstable probably because of technical difficulties [19, 20] , though it also showed sensitive reactions.
When each drug was administered into the perfusate reservoir, it reached the root of the aorta within 10 s after administration, and all of the NA, DA, and Ty promptly produced the reactions in which quantitative and stable effects of those drugs could be observed with good reproducibility. Even in those hearts showing insufficiencies in the pumping function, similar observations of the drug effects were also possible. n, the numbers of preparations tested. * and †, statistical significance in the reserpine-treated and 6-OHDA-treated preparations as compared with the rates in the normal ones, respectively. Table 2 . Changes in the frequency of spontaneous arrhythmia in the isolated rabbit heart preparations after application of NA, Ty, and DA. Each drug was applied for 5 min. The increasing effects of NA on cardiac contractility were found in the present study to be dose-related when tested in a dose range of 5 to 30 µg (Fig. 5A) . These positive inotropic effects of NA were accompanied with significant increases of HR even at relatively low doses tested, which differed from the effects of DA at low doses, as described below.
Dose
After denervation either with reserpine or 6-OHDA, the effectiveness of NA in the inotropic actions significantly augmented (Fig. 5A) . This is probably due to the increased sensitivities of receptors to NA after denervation of the sympathetic nerve terminals, as reported previously [10, 11, 13, 14] .
The increasing effects of DA on cardiac contractility, when tested at low doses, were reported to be exerted with no increases or only slight ones in HR [26] [27] [28] [29] . Also in the present study, it was observed that DA at doses of less than 200 µg produces the positive inotropic effects those were manifested by decreases in LAP and RAP and by increases in PAP, MCF, LVP, and dLVP/dt (Fig. 5B ) without significant increases in HR (Fig. 6B) . The receptors producing the direct inotropic effects of DA in the heart were reported for rabbit [30, 31] and man [32] to be β-and α-adrenoceptors, for guinea pig [9] and rat [33] to be β-adrenoceptor only, and for chick embryo [34] to be β-adrenoceptor and subtype DA2-receptors. DA has been shown to increase L-type Ca 2+ currents and to produce the inotropic effect that is mediated through the direct stimulation of β-adrenoceptor in the single atrial and ventricular myocytes of the rat [33] .
In regard to the changes in the inotropic effects of DA after denervation, several reports show a reduction of its effectiveness [8, 9, 15] . In the present study, however, the positive inotropic effects of DA on the denervated preparations were found to be as great as those observed in the normal ones (Fig. 5B) . This suggests that the positive inotropic effects of DA could be exerted by a direct action on the cardiac muscles. Since it could be considered that the receptors to DA also, as in the case of NA [10, 11, 13, 14] , would have become more sensitive after the denervation, the unchanged inotropic effectiveness of DA on the dener- Recordings of LVP and dLVP/dt were temporally changed to those of AP (a) and dAP/dt (b), respectively. Note that before application of NA (B) or DA (C), the magnitude of LVP is smaller than that of AP in each record, indicating a state of cardiac insufficiency as to the pumping function. Upward arrows in A and B indicate occurrence of arrhythmia, which is absent in C. F o r P e e r vated preparations observed in the present study may be explained by counterbalance between the increased sensitivities of receptors and the disappearance of indirect effect of DA after denervation.
The positive chronotropic effect of NA was observed to increase markedly after denervation with 6-OHDA (Fig. 6A) , indicating the increased sensitivities of adrenoceptors, as reported previously [13, 14] . On the other hand, after denervation with reserpine, the effectiveness of NA did not change. This observation differed from the results previously reported for the dog heart-lung preparation where the effectiveness of NA increased [7] . The observation in the present study may suggest that the appearance of supersensitivity to the chronotropic effects of NA requires times longer than one day or more after pretreatment with reserpine, as reported previously [11] .
At higher doses (more than 300 µg), as shown in Fig.  6B , DA produced significant dose-related increases in HR in the normal preparation. This positive chronotropic effect of DA was reported to be produced via β-adrenoceptor [12, 35] . After denervation with reserpine or 6-OHDA, the effect of DA was greatly suppressed (Fig. 6B) , indicating that the positive chronotropic effect of DA is primarily an indirect one via the release of NA from the sympathetic nerve terminals in the cardiac muscles, as reported previously [8, 12, 13] .
Arrhythmogenic effects of DA
It is known that applications of NA may cause arrhythmia in the heart in vivo [36] and in vitro [37] . Applications of Ty may also cause arrhythmia in the heart by releasing NA from the sympathetic nerve terminals [38] . In the present study, which used isolated working heart preparations, the application of NA was observed to induce arrhythmias, the incidence rates being as high as 50% or more at all the doses tested. An application of Ty similarly induced arrhythmias at the incidence rates of 50% or more when tested at doses of more than 200 µg. These relatively high incidence rates observed in the present study may be due to high pressure of the aortic artery [39, 40] . The types of arrhythmia were recognized as atrial or ventricular extrasystole from the ECG examinations.
It is also reported that applications of DA may cause arrhythmia in the heart, which could be suppressed by β-blockers [39, 41] . The incidence rates by DA, however, are known to be much less than those by NA [37, 39] . In the present study, applications of DA at all the doses tested caused arrhythmia with the incidence rates of 33% or less than that, which was markedly smaller than those by NA or Ty.
As to this arrhythmogenic effect, it remained unknown whether the effect might be produced directly and/or indirectly. In the present study, it was observed that the incidence rate of arrhythmia by NA in the denervated preparations did not significantly differ from that observed in the normal one, though the inducement of arrhythmia by Ty almost completely disappeared. On the other hand, the inducement of arrhythmia by DA was greatly suppressed, as with Ty, in the denervated preparations. These findings in the present study strongly suggest that the inducement of arrhythmia by DA, like that by Ty, is an indirect effect via releases of NA from the sympathetic nerve terminals.
As to the spontaneously occurring arrhythmia, a tendency of increasing the rates was observed as an effect of NA or Ty: in contrast, DA showed one of decreasing the rates or depressing the appearance of arrhythmia. The latter observation suggests that DA may have some antiarrhythmogenic effects also on the heart beats, the mechanism of which should be clarified in further studies.
Effects of DA on failing heart
DA has been widely used in the clinical treatment of patients with heart failure and/or in shock state, since it has an increasing effect on cardiac contractility together with other various actions on the cardiovascular system [26, [42] [43] [44] [45] .
In the present study, using the isolated heart preparations perfused via the right and left atrium as in vivo, a cardiac insufficiency with pumping function could be clearly recognized in the record of LVP and AP, as shown in Fig. 8 . The increasing rates of contractile forces by DA, as well as by NA, were greater in failing hearts than in normal ones, as observed in the myopathic Syrian hamster [29] . Such a positive inotropic effect of DA was also reported for acute ischemic heart failure in dog [46] . In contrast, a negative one was reported for heart failure resulting from hypertension in Wistar rat [47] . These findings could be utilized in the consideration of usefulness and the limitation of DA as well as other sympathomimetic amines, including NA, and they may lead to better inotropic agents for the clinical treatment of patients with heart failure [48] .
